Introduction {#s0001}
============

IL-2 plays a central role in the generation, differentiation, survival and homeostasis of immune effector cells. IL-2 is synthesized by activated CD4^+^ helper T cells, and has multiple immunological effects.[@cit0001] IL-2 acts by binding to IL-2 receptors (IL-2R). Association of the α (CD25), β (CD122) and γ (γc, CD132) subunits results in the trimeric high-affinity IL-2R. The dimeric intermediate affinity IL-2Rβγ consists of the β- and γ-subunits and binds IL-2 with 50-fold lower affinity. CD25 is not required for IL-2 signaling, but confers high affinity binding, whereas the β and the γ subunits mediate signal transduction.[@cit0003] IL-2Rβγ is expressed on NK cells, monocytes, macrophages and resting CD4^+^ and CD8^+^ T cells, while IL-2Rαβγ is transiently induced on activated T and NK cells, and is constitutively expressed on CD4^+^FoxP3^+^ Tregs.[@cit0007] (Fig. S1). The ability of IL-2 to expand and activate innate and adaptive effector cells is the basis of its antitumor activity, however, as a regulatory mechanism that can prevent excessive immune responses and autoimmunity, IL-2 leads to activation-induced cell death (AICD) rendering activated T cells susceptible to Fas-mediated apoptosis. Moreover, IL-2 is essential for the maintenance and expansion of immunosuppressive CD4^+^ CD25^+^ Treg cells.[@cit0007]

Based on its antitumor efficacy, high-dose IL-2 (aldesleukin) has been approved as first immunotherapy for patients with metastatic renal cell carcinoma and malignant melanoma. However, its antitumor immunity can be compromised by the induction of Tregs and AICD. In addition, systemic IL-2 treatment has been associated with severe cardiovascular, pulmonary, hepatic, gastrointestinal, neurologic and hematological side effects, such that it is only given to patients at specialized centers.[@cit0010] Preclinical experiments showed that IL-2-induced pulmonary edema is caused by interaction of IL-2 with CD25 on lung endothelial cells and that it can be abrogated by a CD25 blocking antibody, genetic disruption, or the use of IL-2-antibody complexes.[@cit0011] Thus, we reasoned that an IL-2 variant (IL2v) with abolished CD25 binding may show reduced toxicity and vascular leak syndrome while still being able to activate effector cells with antitumor potential through retained IL-2Rβγ signaling (Fig. S1).

Various tumor-targeted IL-2 immunocytokines have been developed during the last decade(s) based on an immunoglobulin backbone or using non-Fc containing antibody fragments.[@cit0012] First-generation immunocytokines have shown inadequate pharmacokinetic (PK) properties and a toxicity profile similar to aldesleukin. Moreover, fusing one or two wild-type IL-2 moieties to an antibody results in low pM affinity for IL-2Rαβγ and thus preferential binding to immune cells in the circulation rather than to the tumor. So far, no immunocytokine has successfully passed pivotal trials. Wittrup and colleagues recently demonstrated the limitations of a wild-type IL-2 based gp75 (TRP1)-targeted immunocytokine in C56BL/6 mice, which resulted in peripheral activation and lack of tumor targeting,[@cit0017] but showed the potential of half-life extended monomeric wild-type IL-2 Fc protein combined with ADCC competent antibodies and adoptive T-cell therapy.[@cit0018] When combining a tumor-antigen-targeting antibody with such a half-life extended interleukin-2, PD-1 checkpoint blockade and a powerful T cell vaccine large tumors could be eliminated in syngeneic and genetically engineered mouse models.[@cit0019]

As therapeutic approaches using IL-2 can only be useful if the limitations associated with its application can be overcome, we designed a IL2v characterized by three mutations that abolish binding to CD25. To enable half-life extension and preferential targeting to the tumor, the IL2v moiety was fused to CH1A1A-2F1, a carcinoembryonic antigen (CEA)-specific antibody, resulting in the immunocytokine cergutuzumab amunaleukin (CEA-IL2v, RG7813). CH1A1A-2F1 was affinity matured and stability enhanced by phage display based on the murine PR1A3 antibody, and recognizes a membrane-proximal epitope in the B3 domain of CEA (CEACAM5, Cd66e), whereas it does not recognize shed CEA as found in the circulation.[@cit0020] This antibody is also basis of CEA TCB (RG7802), a CEA-CD3 T cell bispecific antibody currently in Phase 1/1b clinical trials.[@cit0023] CEA is a glycophosphatidylinositol-anchored glycoprotein that serves as a cancer biomarker and has been used as a target for tumor imaging, radioimmunotherapy, antibody drug conjugates or T cell bispecific antibodies.[@cit0026] Prevalence of CEA expression in major tumor types was confirmed by immunohistochemistry to be high with ca. 95% of colorectal, 90% of pancreatic, 80% of gastric, 60% of non-small cell lung and 40% of breast cancer specimens staining positive for CEA with moderate or high intensity (data not shown), whereas in normal tissues only low-level CEA expression is found on the apical surface of glandular epithelia in the gastrointestinal tract (GI) where it may not be accessible for antibody binding.[@cit0031] As tumor specific CEA-expression is broad, CEA-IL2v was designed to overcome local tumor immunosuppression in combination therapy e.g., with ADCC-mediating or T cell bispecific antibodies, adoptive T cell therapy and PD-1/PD-L1 checkpoint blockade in a variety of tumors.

CEA-IL2v was characterized on immune effector cells by assessing the activation of P-STAT5, cell proliferation, effects on Fas-induced apoptosis, expression of activation markers and cytokine release. Tumor targeting was determined with ^89^Zr-labeled CEA-IL2v in tumor-bearing mice since this radiolabeled compound can easily be used in clinical Positron Emission Tomography (PET) studies to confirm tumor targeting visually and quantitatively in first in human studies.[@cit0033] PK, pharmacodynamics and antitumor efficacy were analyzed in fully immunocompetent mice as monotherapy and combined with PD-L1 checkpoint blockade, and combined with ADCC competent antibodies in human CD16-transgenic SCID mice.

Results {#s0002}
=======

IL2v design and IL2v/IL-2Rβγ co-crystal structure {#s0002-0001}
-------------------------------------------------

We aimed to design an immunocytokine incapable of binding to CD25 (IL-2Rα) by structure-based mutation of key residues, namely F42A, Y45A, L72G building the CD25 binding interface, which is conserved between species, e.g., human, mouse and non-human primates (NHP).[@cit0034] To avoid heterogeneity, the O-glycosylation site was removed by a T3A mutation. In addition, like in aldesleukin, the cysteine residue was mutated to avoid aggregation by a C125A mutation (numbering based on UniProt ID P60568 excluding the signal peptide).

To confirm that the mutations in IL2v indeed only interfere with CD25 binding, and do not affect the interaction with IL-2Rβγ, we determined the co-crystal structure of the IL2v-IL-2Rβγ ternary complex at a resolution of 2.3 Å ([Fig. 1A](#f0001){ref-type="fig"}, Table S1). The structure contains one ternary complex molecule in the asymmetric unit and consists of the β-chain residues 6--208, γ-chain residues 33--225 and IL2v residues 4--30, 37--133. Although the protein was treated with PNGase F before crystallization, electron density for 5 N-glycosylated Asn residues on the receptor chains was observed (data not shown). In addition, we identified two covalently attached mannose moieties at W194 and W197 within the class I cytokine receptor WSXWS motif of the IL-2Rβ chain.[@cit0036] The overall structure of the IL2v-IL-2Rβγ complex is essentially identical to the wild-type quaternary complex (pdb code 2b5i) with only minor changes observed within the βγ interface and within IL-2 (superposition of all atoms with a root mean square deviation (rmsd) of 1.02 Å) ([Fig. 1B](#f0001){ref-type="fig"}). Binding of IL-2 to CD25 is mediated by two hydrophobic patches around F42, Y45 and L72 on the IL-2 surface.[@cit0034] F42 and Y45 are located in the loop AB, whereas L72 is part of helix B. The mutations F42A, Y45A and L72G remove a large part of the Van' der Waal interaction surface and thereby prevent binding of IL2v to CD25 without affecting the IL-2 structure ([Fig. 1C](#f0001){ref-type="fig"}) or the interaction with IL-2Rβγ. Figure 1.(A) IL2v/IL-2Rβγ complex structure. IL2v is shown yellow, the mutations in blue. The IL-2Rβ chain is colored in cyan and the γc chain in magenta. (B) Close-up view onto the loop region between helix A and helix B and the binding site of IL-2 with IL-2Rα. The picture shows an overlay of the IL2v-IL-2Rβγ (yellow) structure with 2B5I (gray representation). Mutations in the two hydrophobic patches with F42A, Y45A and L72G are highlighted in blue and circled. (C) Superposition of all atoms of IL2v-IL-2Rβγ with the quaternary complex IL-2, IL-2Rα, IL-2Rβ, γc (2erj). IL2v-IL-2Rβγ is colored as in [Fig. 1A](#f0001){ref-type="fig"}. 2B5I is shown in gray. (D) Schematic representation of CEA-IL2v and its key design features.

CEA-IL2v design {#s0002-0002}
---------------

IL2v was used for the construction of a monomeric CEA-IL2v immunocytokine. [Fig. 1D](#f0001){ref-type="fig"} depicts the key features.[@cit0001] CEA-IL2v is based on the humanized CH1A1A-2F1 IgG1 antibody, and like the CH1A1A-2F1 parental antibody binds the CEA B3 domain with monovalent affinity of 40 nM and in a bivalent setting with 390 pM avidity (Table S2) while it does not recognize shed CEA in a sandwich binding assay (data not shown). The parental CEA antibody does neither recognize CEACAM1 or CEACAM6, nor internalize on CEA^+^ tumor cell lines, and has no functional effects, e.g., on proliferation (data not shown).[@cit0002] CEA-IL2v was designed to avoid unspecific and systemic FcγR mediated co-activation of innate immune effector cells, e.g., NK cells, macrophages/monocytes through simultaneous binding to Fcγ- and IL2-receptors by introducing P329G, L234A, L235A mutations into the Fc portion. These mutations completely abolish binding to FcγRs and C1q, but do not affect FcRn binding or PK.[@cit0037] 3) IL2v is fused via a flexible and presumably non-immunogenic (G~4~S)~2~ connector to the C-terminus of the knob-containing heterodimeric heavy chain engineered using the knob-into-holes technology.[@cit0038] Consequently, CEA-IL2v binds monovalently to IL-2Rβγ and when soluble does not exhibit avidity effects for IL-2R-expressing cells. Thus, monomeric CEA-IL2v exhibits a higher relative, functional affinity for CEA on tumor cells than for the IL-2Rβγ on immune cells as compared with wild-type IL-2-based dimeric immunocytokines. Due to the removal of the O-glycosylation site, CEA-IL2v carries only the typical Fc carbohydrates. Whereas CEA-IL2v was designed to no longer bind to CD25 on activated T effector and Treg cells, it should retain affinity and functional activity for the dimeric IL-2Rβγ receptor. Table S2 shows the retained affinity of CEA-IL2v for a pre-formed human and mouse IL-2Rβγ-Fc heterodimer, whereas no binding to CD25 is detectable by surface plasmon resonance. Notably, the mutations affect affinity of human IL2v human and murine IL-2R in a similar manner enabling use in rodent models. Tables S3 and S4 give an overview about the immunocytokines used in this manuscript and their design features.

Cellular activity in vitro {#s0002-0003}
--------------------------

CEA-IL2v was subsequently characterized in several cellular and functional assays. CEA-IL2v bound efficiently to CEA-expressing A549 tumor cells with EC50 value in the low nM range comparable to the parental CEA antibody CH1A1A-2F1 indicating that antibody-IL2v fusion does not affect CEA binding (Fig. S2A, Table S5). Cellular binding of the CH1A1A-2F1 antibody was only affected by shed CEA starting from 5 μg/mL range (data not shown), which is significantly above the levels typically observed in plasma of healthy donors (median 1.49 ng/mL) and cancer patients (median 3.86 ng/mL).[@cit0039] Similarly, CEA-IL2v bound efficiently to IL-2R expressing (and CEA negative) immune cells including NK92 cells, a human IL-2Rαβγ-positive NK cell line, and to NK and T cells within peripheral blood mononuclear cells (PBMC) (Fig. S2B--D, Table S5). The ability for bi-specific binding was assessed in a "sandwich binding" assay in which simultaneous binding to CEA+ target cells and IL-2Rβγ was confirmed using the IL-2Rβγ-Fc heterodimer for detection (Fig. S2E, Table S5). Internalization studies with IL-2Rβγ+ NK92 cells showed that CEA-IL2v was rapidly internalized upon binding to IL-2R (Fig. S2F, Table S5).

The ability of CEA-IL2v to induce activation of IL-2R signaling in human NK, CD4^+^ and CD8^+^ T cells was measured by a dose-dependent increase of STAT5 phosphorylation compared with wild-type IL-2-based CEA-IL2wt and aldesleukin ([Fig. 2A--D](#f0002){ref-type="fig"}, Table S5). CEA-IL2v, CEA-IL2wt and aldesleukin were equally effective in inducing STAT5 phosphorylation in NK and CD8^+^ T cells and similarly in CD4^+^ T cells. However, CEA-IL2v was significantly less potent than CEA-IL2wt and aldesleukin in activating suppressive Tregs that express high levels of CD25. Thus, CEA-IL2v no longer preferentially activated Tregs, but only activated Tregs at concentrations when CD8^+^ T and NK cells were also activated, a desired property when attempting to restore the immune cell activation and attenuate local tumor immunosuppression. In addition, T cells were more resistant to CEA-IL2v regarding Fas-mediated apoptosis induction than to CEA-IL2wt and aldesleukin due to abolished CD25 binding ([Fig. 2E--H](#f0002){ref-type="fig"}). Figure 2.(A--D) FACS analysis of STAT5 phosphorylation on (A) Treg cells (CD4+CD25+FOXP3+), (B) CD4^+^ T cells (CD4^+^CD25^−^), C) CD8^+^ T cells (CD3^+^CD8^+^) and (D) NK cells (CD3^−^CD56^+^) within freshly isolated PBMCs 20 min after treatment with CEA-IL2v, CEA-IL2wt and aldesleukin; (E--H) Fas-mediated apoptosis induction (E, F) and proliferation (G, H) of CD4^+^ and CD8^+^ T cells following treatment with CEA-IL2v and CEA-IL2wt after overnight pre-activation with PHA. Exemplary data from ≥ 3 independent experiments. Shown are means from triplicates and standard deviation.

Treatment of immune effector cells (PBMC derived NK and T cells) with CEA-IL2v induced proliferation and upregulation of activation markers (Fig. S3). CEA-IL2v, CEA-IL2wt and aldesleukin showed similar activity in the induction of proliferation of resting NK cells and CD8^+^ T cells within PBMC, whereas the CEA-IL2wt and aledleukin were more active on resting CD4^+^ T cells (including Tregs) than CEA-IL2v. Pre-activated T cells were more responsive to CEA-IL2v treatment than resting T cells, resulting in EC50 values that were approximately 10-fold lower ([Fig. 2G--H](#f0002){ref-type="fig"}). In general, NK cells responded promptly to CEA-IL2v treatment and most NK cells proliferated after 5 d of treatment. Similarly to NK cells, CD8^+^ T cells underwent proliferation after 5 d of treatment whereas CD4^+^ T cells responded more slowly with only a proportion of cells proliferating after the same period of time (data not shown). Compared to NK cells, higher concentrations of CEA-IL2v were required to stimulate resting T cells (Fig. S3).

Immune cell activation was assessed by measuring the dose dependent induction of expression of early (CD69) and late (CD25) activation markers within 3 d post treatment. Treatment with CEA-IL2v triggered similar immune cell activation in NK and CD8^+^ T cells (Fig. S3 D--G). CD69 (early activation marker) upregulation was detected as early as 6 h after antibody treatment and was maintained for up to 72 h post treatment on NK cells and 48 h post treatment on CD8^+^ T cells. CD25 upregulation was strongest at later time points than CD69, in agreement with the fact that CD25 is considered to be a late activation marker. Whereas CD69 was induced to a similar extent by CEA-IL2v and CEA-IL2wt, CD25 was more strongly upregulated on NK cells and CD8^+^ T by CEA-IL2v than by CEA-IL2wt. This can be explained by the lack of binding of CEA-IL2v to CD25 and a subsequent lack of internalization and/or shedding of CD25. Taken together, NK cells responded promptly to CEA-IL2v stimulation and rapidly upregulated activation markers, followed at later time points by CD8^+^ and CD4^+^ T cells (Fig. S3, data not shown). The activation of NK cells by CEA-IL2v translated into increased killing of the CEA-positive colon cancer cell line LS180 accompanied by increased release of Granzyme B, IFNγ and RANTES and upregulation of CD25 and CD69 on NK cells. Like before no difference between CEA-IL2v and CEA-IL2wt was observed in inducing activation of resting NK cells as analyzed by measuring tumor cell killing and cytokine release (Fig. S4).

Importantly, CEA-IL2v-mediated activity was not affected by artificial crosslinking to other cells via a secondary anti-Fc antibody, and presence of CEA-positive cells did not influence IL-2R-related activity (data not shown). In line with known biology, IL-2Rβγ signaling only requires the formation of the IL-2Rβγ heterodimer upon binding but not crosslinking and formation of higher oligomers, thus it cannot be expected that binding of CEA-IL2v to CEA on tumor cells and crosslinking results in an enhanced induction of IL-2R signaling.

Pharmacokinetics and tumor targeting in vivo {#s0002-0004}
--------------------------------------------

CEA-IL2v was designed to target CEA positive tumors more efficiently compared with the corresponding CEA-IL2wt due to the lack of CD25 binding and by being monovalent for the intermediate affinity IL-2Rβγ compared with classical immunocytokine. This design with a higher relative affinity for CEA compared with IL-2R should avoid sequestration of the construct in a peripheral high-affinity IL-2Rαβγ sink and lead to reduced clearance, and subsequently a relatively higher uptake in CEA-positive tumors than CEA-IL2wt. As a non-rodent homologue of human CEA does not exist, CEA-transgenic C57BL/6 mice were used in PK, biodistribution, and efficacy experiments to mimic human organ specific CEA expression and to allow for engraftment of syngeneic tumors stably expressing human CEA. PK studies demonstrated that indeed CEA-IL2v showed approximately 2-fold (1.7--2.3-fold) reduced clearance as compared with CEA-IL2wt by reducing IL-2Rαβγ-mediated clearance ([Fig. 3A](#f0003){ref-type="fig"}). These PK properties should ultimately enable efficient tumor targeting of CEA-IL2v, acknowledging that CEA-IL2v was still cleared faster than the parental CEA antibody ([Fig. 3A](#f0003){ref-type="fig"}). Figure 3.(A) Mean plasma concentration-time profiles of CEA antibody CH1A1A1--2F1, CEA-IL2v and CEA- IL2wt in CEA-transgenic C57BL/6 mice as determined by ELISA. (B) Organ biodistribution of ^89^Zr-CEA-IL2v 3 d after injection at different doses in immunocompetent CEA-transgenic C57BL/6 mice bearing syngeneic CEA-positive MC38-CEA tumors and CEA-negative MC38 tumors on contra-lateral site. All values are expressed as %ID/g. Data represent mean value ± SD from at least four determinations. (C) Standardized Uptake Values (SUVs) of tumors derived from PET imaging of immunocompetent CEA-transgenic C57BL/6 mice bearing syngeneic CEA-positive MC38-CEA tumors after injection of ^89^Zr-CEA-IL2v or ^89^Zr-CEA-IL2wt. Data represent mean value ± SD from at least four determinations. (D) Biodistribution of ^89^Zr-CEA-IL2v compared with ^89^Zr-CEA-IL2wt 4 d after injection in immunocompetent CEA-transgenic C57BL/6 mice bearing syngeneic MC38-CE tumors. Data represent mean value ± SD from \> 4 determinations.

Immunohistochemistry of CEA expression in CEA-transgenic C57BL/6 mice showed that CEA is heterogeneously expressed in the GI tract, and at low levels in the brain and testis, but not in other tissues, so that these mice do not completely reflect human normal tissue CEA expression, but can still provide valuable insights about potential accumulation in organs other than tumor (data not shown). CEA-IL2v PK in wild-type and CEA-transgenic C57BL/6 mice was comparable and dose proportional indicating that either CEA is not accessible from the blood stream and/or that the low normal tissue CEA expression in transgenic mice does not affect antibody biodistribution (data not shown).

Radioactivity-based organ biodistribution studies were performed in CEA expressing models with ^89^Zr-labeled immunocytokines. To demonstrate CEA-mediated tumor uptake, immunocompetent CEA-transgenic C57BL/6 mice bearing one syngeneic MC38-CEA tumor and one CEA-negative MC38 tumor on contralateral sites were injected with ^89^Zr-CEA-IL2v mixed with unlabeled CEA-IL2v to a total concentration of 0.1, 0.5 and 1 mg/kg. Biodistribution analysis performed at 3 d after injection demonstrated significantly higher tumor uptake in MC38-CEA tumors than MC38 tumors (*p* \> 0.001) for all doses. In addition to MC38-CEA tumors, ^89^Zr-CEA-IL2v also accumulated in the liver and the spleen ([Fig. 3B](#f0003){ref-type="fig"}).

To demonstrate differences in biodistribution between CEA-IL2v and CEA-IL2wt, a PET study was performed in the MC38-CEA model upon injection with ^89^Zr-CEA-IL2v or ^89^Zr-CEA-IL2wt mixed with the corresponding unlabeled immunocytokine to a total concentration of 1 mg/kg. Scans were performed at 1, 2 and 4 d after injection; *ex vivo* biodistribution was assessed immediately after the last scan at 4 d. This PET study demonstrated higher tumor accumulation of ^89^Zr-CEA-IL2v than for ^89^Zr-CEA-IL2wt ([Fig. 3C](#f0003){ref-type="fig"} and [3D](#f0003){ref-type="fig"}). At days 2 and 4 post injection, Standardized Uptake Values (SUVs) in the tumor were significantly higher for CEA-IL2v than for CEA-IL2wt (*p* = 0.007 at 2 d and *p* = 0.011 at 4 d). *Ex vivo* assessment of the biodistribution at 4 d after injection revealed that the spleen uptake of ^89^Zr-CEA-IL2wt was significantly higher than of ^89^Zr-CEA-IL2v (*p* = 0.007), while the tumor uptake of ^89^Zr-CEA-IL2v was significantly higher than of ^89^Zr-CEA-IL2wt as also observed by PET imaging (*p* = 0.020) (Fig. S5). These data confirmed that adding the IL2v moiety to the parental CEA antibody CH1A1A-2F1 antibody did not abolish tumor targeting characteristics. Finally, greater tumor and lower spleen uptake of CEA-IL2v compared with CEA-IL2wt demonstrated the advantages of IL2v over IL-2 for better tumor targeting. However, it should be noted that CEA-IL2v in addition to being targeted to the tumor still exhibits peripheral binding to immune cells in lymphoid tissues/peripheral blood as can be seen from immune-pharmacodynamic studies (see below).

Pharmacodynamics in vivo {#s0002-0005}
------------------------

The mechanism of action and immuno-pharmacodynamics of CEA-IL2v and/or its murinized surrogate muCEA-IL2v was studied in fully immunocompetent tumor-free C57BL/6 mice or tumor-bearing C57BL/6 mice transgenic for CEA.[@cit0040]

In tumor-free mice, a strong expansion of peripheral CD8^+^ T and NK cells after treatment with 0.5 and 2 mg/kg CEA-IL2v was observed ([Fig. 4A](#f0004){ref-type="fig"}). A more detailed analysis using different doses of CEA-IL2v showed that after an initial and rapid drop in cell numbers, putatively a re-distribution phenomenon, CD8^+^, γδ T cells and NKp46+ NK cells underwent a strong expansion in the blood that peaked around days 4 to 7, and returned to baseline levels ca. 2 weeks post treatment (Fig. S6A). The increase in cell numbers was accompanied by a corresponding increase in the expression of the proliferation marker Ki67 (Fig. S6B). As total CD4^+^ T cell numbers did not significantly change, the preferential expansion of the CD8^+^ T cells skewed the T cell compartment in favor of this subset (Fig. S6B). These data are in line with experiments using IL-2-antibody complexes that no longer interact with CD25 and caused a strong preferential expansion of CD8^+^ T-memory over CD4^+^ T cells.[@cit0041] Figure 4.Immuno-pharmacodynamics in tumor-free and tumor-bearing C57BL/6 mice: (A) Peripheral T and NK cell expansion by CEA-IL2v. Shown are lymphocytes in blood 7 d after a single i.v. dose of CEA-IL2v. (B) Increase in the numbers of circulating (per μL blood) and intratumoral (per g tissue) CD8^+^ T cells, γδ T cells and NK cells in LLC1-CEA syngeneic tumor model 5 d after injection of 0.5 or 2 mg/kg muCEA-IL2v as determined by flow cytometry (upper panels). A skewing of the T cell compartment in favor of CD8^+^ T cells as shown by the ratio of CD8^+^ T to total CD4^+^ T and Treg in the blood and tumors of LLC1-CEA tumor-bearing mice (lower panels). (C) Increase of CD3 T cells in LLC1-CEA syngeneic tumor model 5 d after injection of 1.0 mg/kg CEA-IL2v as determined by immunohistochemistry.

In a separate study, the kinetics of CD8^+^ and NK cell proliferation following treatment with muCEA-IL2v was compared with muCEA-IL2wt. An initial drop in circulating CD8^+^ T and NK cell numbers followed by the rapid dose-dependent expansion of the CD8^+^ T and NK cells by day 5 post treatment was observed for both immunocytokines. However, the magnitude and duration of the expansion differed. muCEA-IL2v induced a 10-fold expansion of NK and CD8^+^ T cells that was sustained for more than 14 d for CD8^+^ T cells and 7 d for NK cells, whereas muCEA-IL2wt induced a shorter lived and lower expansion in these cell populations (Fig. S7A,B). Interestingly, whether the muCEA-IL2v was administered intravenously or subcutaneously had no effect on the final T cell or NK cell responses (data not shown). As previously, muCEA-IL2v had a more pronounced effect on CD8^+^ T cells than on CD4^+^ T cells and a skewing of the T cell compartment in favor of the CD8^+^ T cells in the CEA-IL2v treated group was observed resulting in a ratio of CD8^+^:CD4^+^ T cells of ∼8:1 by day 5 post treatment. In contrast, there was no T cell skewing in the muCEA-IL2wt treated groups as this construct induced a similar level of expansion in both T cell subsets (Fig. S7C).

To determine whether the preferential expansion of CD8^+^ T and NK cells observed in the tumor-free animals also occurred in tumor-bearing mice, CEA-transgenic C57/BL6 mice were injected intravenously with LLC1-CEA and once the tumors were established in the lungs, treated with muCEA-IL2v. Five days after treatment, mice were bled and sacrificed, tumors and lymphoid tissues were removed and immune cell subsets were quantified by flow cytometry. As observed previously in tumor-free animals, there was a significant increase in the numbers of CD8^+^ T and NK cells in blood after treatment with muCEA-IL2v, an expansion that was also observed in the tumor ([Fig. 4B, upper panels](#f0004){ref-type="fig"}), whereas there was only a marginal increase in the number of the CD4^+^ or CD4^+^Foxp3^+^ Tregs in blood and tumor (data not shown). Accordingly, the preferential expansion of CD8^+^ T over CD4^+^ T cells, including Tregs, skewed the T cell compartment in favor of CD8^+^ T cells ([Fig. 4B](#f0004){ref-type="fig"}, lower panels). The increase in CD8^+^ T and NK cell counts correlated with an increase in Ki67 expression on cells isolated from blood and tumors. Notably, Ki67^+^ NK and CD8^+^ T cells expanded not only in peripheral blood, but also in lymphoid tissues of mice bearing subcutaneous MC38-CEA or LLC1-CEA lung tumors (Fig. S8A, B). A transient splenomegaly was observed in muCEA-IL2v-treated animals compared with the vehicle-treated group, but spleens returned to their normal size once immune cell numbers in blood returned to baseline (data not shown). In addition to CD8^+^ T and NK cells, an expansion of innate γδ-TCR^+^ T cells was observed in blood and in tumors of treated animals. Thus, in both tumor models, a strong intratumoral expansion of CD3 T cells (driven mostly by CD8^+^ T cells), NK cells and γδ T cells was observed after treatment with muCEA-IL2v. The expansion of CD3 T cells following treatment with CEA-IL2v was in addition confirmed by immunohistochemistry ([Fig. 4C](#f0004){ref-type="fig"}).

In summary, CEA-IL2v, in contrast to CEA-IL2wt, was able to induce a preferential (vs. CD4^+^ T cells including Tregs) expansion of both CD8^+^ T cells and NK cells in the blood, lymphoid tissues and tumors, thereby significantly altering the overall composition of the peripheral and tumor-associated lymphocytes. This increase in tumor infiltrating immune cells forms the basis for the rationale to combine CEA-IL2v with ADCC-competent and T cell bispecific antibodies and/or PD-L1 checkpoint blockade. Due to the nature of IL-2R expression and biology, CEA-IL2v also mediates systemic effects on peripheral and immune cells residing in lymphoid tissues that are independent of targeting to CEA.

Monotherapy efficacy {#s0002-0006}
--------------------

The monotherapy efficacy of CEA-IL2v was subsequently tested using the syngeneic MC38-CEA cell line stably transfected with CEA injected intrasplenically into CEA-transgenic C57BL/6 mice. Animals treated with CEA-IL2v (2 mg/kg, q1w3) showed a statistically significant increase in median survival of 63 d vs. 42 d for vehicle treated animals (*p* \< 0.039), and increased overall long-term survival indicating absence of tumor in 3/8 animals ([Fig. 5A](#f0005){ref-type="fig"}). Similarly, muCEA-IL2v was tested in the syngeneic pancreatic PancO2-CEA model injected intrapancreatically into C57BL/6 mice. Animals treated with muCEA-IL2v (0.5 mg/kg, q1w3) showed a statistically significant increase in median survival of 42 d vs. 30 d for vehicle treated animals (*p* = 0.0385) ([Fig. 5B](#f0005){ref-type="fig"}). In this model, Alexa-647 labeled CEA-IL2v accumulated specifically in the CEA positive pancreatic cancer regions, but not in normal pancreas; followed by enhanced T cell proliferation in regions where CEA-IL2v was present (Fig. S9A). Figure 5.(A, B) Monotherapy efficacy: (A) Efficacy of 2 mg/kg CEA-IL2v (q1w3 starting on day 7 after tumor inocculation) as single agent in the syngeneic intrasplenic MC38-CEA model in CEA-transgenic C57/BL6 mice. (B) Efficacy of 0.5 mg/kg muCEA-IL2v (q1w3 starting on day 7 after tumor inocculation) as single agent in the syngeneic orthotopic PancO2-CEA model in CEA-transgenic C57/BL6 mice. (C, D) Combination of CEA-IL2v with PD-L1 checkpoint blockade in syngeneic models in CEA-transgenic C57BL/6 mice. (C) Efficacy of 0.25 mg/kg muCEA-IL2v (q1w5) combined with 10 mg/kg \<muPD-L1\> antibody 6E11 (q1w5) concomitantly starting on day 7 vs. vehicle and the respective monotherapies in the orthotopic PancO2-CEA pancreatic syngeneic model. (D) Efficacy of 0.25 mg/kg muCEA-IL2v or a matched dose of 0.2 mg/kg untargeted muDP47-IL2v control immunocytokine (q1w4) combined with 10 mg/kg \<muPD-L1\> antibody 6E11 (q1w4) concomitantly starting on day 7 vs. vehicle and the respective monotherapies. Pooled data from two independent studies are shown.

In contrast to tumor and lymphoid tissues, no T cell infiltration or inflammation was observed by histology in CEA-positive regions of the GI tract of non-tumor-bearing CEA-transgenic C57BL/6 mice upon treatment with 1 or 2 mg/kg CEA-IL2v (3q7d) (Fig. S9B). Likewise, no obvious GI toxicity was observed in tumor-bearing animals treated with CEA-IL2v or muCEA-IL2v, respectively. In line with this, immunohistochemical analysis after perfusion with Alexa-647 labeled CEA antibody CH1A1A-2F1 and CEA-IL2v showed that they did not accumulate in the GI (Fig. S9C). This supports the view that CEA expressed on the apical surface of normal tissues in the GI tract may not be easily accessible to CEA-IL2v delivered systemically by injection.

Combination with PD-L1 checkpoint blockade {#s0002-0007}
------------------------------------------

PD-L1 is found in various tumors where it is induced by IFNγ. It interferes with the immune episode of cancer cells by interacting with the inhibitory PD-1 receptor on T cells.[@cit0042] *In vitro* studies showed that CEA-IL2v induces PD-L1 upregulation on tumor cells (Fig. S10). CEA-IL2v alone did not induce PD-L1 on A549 tumor cells; but in the presence of PBMC, PD-L1 was upregulated on A549 cells presumably mediated by the release of IFNγ. Expression levels of PD-L1 increased with increasing concentration of CEA-IL2v and a higher effector (E): target (T) ratio.

We then investigated in syngeneic mouse models whether CEA-IL2v enhanced the efficacy of PD-L1 checkpoint blockade. In the intra-pancreatic syngeneic PancO2-CEA model concomitant dosing of muCEA-IL2v (0.25 mg/kg, q1w5) and anti-muPD-L1 (6E11) (10 mg/kg, q1w5) resulted in superior median survival of 57 d (*p* = 0.0043) vs. 29 d for vehicle treated animals and 1/6 tumor-free mice, vs. day 43 (*p* = 0.030, 0/6) for muCEA-IL2v and day 36 (*p* = 0.057, 0/6) ([Fig. 5C](#f0005){ref-type="fig"}, Table S6A).

In the same model, a combination study compared the benefit of muCEA-IL2v (0.25 mg/kg, q1w4) combined with concomitant PD-L1 blockade to the combination with the untargeted muDP47-IL2v control immunocytokine ([Fig. 5D](#f0005){ref-type="fig"}, Table S6B) at a dose (0.20 mg/kg, q1w4) matched for equivalent exposure and peripheral pharmacodynamics in a pre-experiment (data not shown). Notably, muCEA-IL2v plus anti-muPD-L1 (6E11) (10 mg/kg, q1w4) showed a combination effect resulting in superior median survival of 61 d (*p* \< 0.0001) with long-term survival in 5/14 animals vs. 27 d for vehicle treated animals (0/13), whereas the combination with untargeted muDP47-IL2v at the matched dose showed a median survival of 44 d (*p* \< 0.0001) and 0/14 tumor-free animals, and failed to show a significant difference from the muPD-L1 single agent group with 46 d (0/13) (*p* = 0.0001 vs. vehicle; *p* = 0.7260 vs. muDP47-IL2v + muPD-L1). These data confirm that CEA-targeting of CEA-IL2v results in superior efficacy in combination with PD-L1 checkpoint blockade and support the benefit of targeting the immunocytokine to CEA.

Combination with ADCC competent antibodies {#s0002-0008}
------------------------------------------

A possible application of CEA-IL2v includes its combination with ADCC-competent or -enhanced IgG1 antibodies. PBMC stimulated by CEA-IL2v in co-cultures with tumor cells showed dose-dependent killing of tumor cells and dose dependent upregulation of CD69 and CD25 activation markers on NK cells. The addition of trastuzumab or cetuximab enhanced the cytotoxic activity of NK cells, expression of CD69 and CD25 and release of cytokines (Fig. S11A--B).

The combination of CEA-IL2v with cetuximab, trastuzumab and glycoengineered imgatuzumab[@cit0043] was subsequently investigated in human CD16-transgenic SCID mice ([Fig. 6](#f0006){ref-type="fig"}, Table S7). As a single agent, CEA-IL2v (1 mg/kg, q1w3) showed only minor tumor growth inhibition (TGI) in the s.c. N87 gastric and the orthotopic KPL4 breast cancer xenograft models. Combination with trastuzumab (25 mg/kg, q1w3 in N87 and 10 mg/kg, q1w3 in KPL-4) resulted in superior TGI compared with the respective monotherapies including complete tumor remission in several animals ([Fig. 6A](#f0006){ref-type="fig"}, Table S7A, B). In the intravenously injected A549 lung cancer and intrasplenically injected LS174T colorectal xenograft models, CEA-IL2v (1 mg/kg, q1w3) mediated only a moderate effect, whereas combination with cetuximab (25 mg/kg, q1w3) resulted in increased median and overall survival (OS) including long-term surviving mice ([Fig. 6B](#f0006){ref-type="fig"}, Table S7C, D). Similarly, in these xenograft models, combination with imgatuzumab (25 mg/kg, q1w3) resulted in superior median and OS compared with the respective monotherapies, and in long-term survival of all treated animals in the A549 model ([Fig. 6C](#f0006){ref-type="fig"}, Table S7E, F). When comparing studies, the combination with glycoengineered imgatuzumab appeared superior in outcome compared with the cetuximab combination. Thus, combining CEA-IL2v with ADCC competent antibodies resulted in at least additive enhancement of TGI including remission and increased median/OS ([Fig. 6D](#f0006){ref-type="fig"}, Table S7D). Figure 6.(A--C) Combination of CEA-IL2v with ADCC competent/ADCC enhanced antibodies in human CD16-transgenic SCID mice: (A) Combination of CEA-IL2v (1 mg/kg, q1w3) with \<HER2\> antibody trastuzumab in N87 (25 mg/kg, q1w3) (top) and KPL4 (10 mg/kg, q1w3) (bottom) xenograft models; (B) Combination of CEA-IL2v (1 mg/kg, q1w3) with \<EGFR\> antibody cetuxiumab (25 mg/kg, q1w3) in A549 (top) and Ls174t (bottom) xenograft models; (C) Combination of CEA-IL2v (1 mg/kg, q1w3) with glycoengineered \<EGFR\> antibody imgatuzumab (25 mg/kg, q1w3) in A549 (top) and LS174t (bottom) xenograft models.

Discussion {#s0003}
==========

Various approaches have been described to modify the affinity of IL-2 to its receptor. Boyman and Sprent have shown that IL-2 complexed with the S4B6 antibody that sterically blocks the IL-2:CD25 interaction, mediates a preferential expansion and activation of IL-2Rβ(hi) effector CD8^+^ T and NK cells, but not CD4^+^ and Tregs cells as observed with wild-type IL-2 (41), without exhibiting the toxicity of the latter.[@cit0011] Garcia and colleagues have recently described a natural conformational switch to engineer an IL-2 superkine with increased binding affinity for IL-2Rβ. Crystal structures show that IL-2 superkine exhibits a conformation resembling that of CD25-bound IL-2. The IL-2 superkine induced superior expansion of cytotoxic T cells, leading to improved antitumor responses, and elicited less expansion of Tregs and reduced pulmonary edema.[@cit0045]

Alternatively, NKTR-214, a wild-type IL-2 prodrug conjugated to releasable polyethylene glycol (PEG) chains was described. In tumor models, NKTR-214 shifted the ratio of T cells toward CD8^+^ T cells, consistent with preferential binding to IL-2Rβγ over CD25, and mediated antitumor efficacy. Furthermore, NKTR-214 showed higher exposure in tumors as compared with aldesleukin.[@cit0046] EMD 521873 (Selectikine) is an immunocytokine that targets the necrotic core of tumors fused with two D20T mutated IL-2 moieties with increased affinity for CD25 that binds preferentially the high affinity IL-2R.[@cit0047] Carmenate and colleagues described an untargeted IL-2 mutein with reduced CD25 affinity using different mutations than the ones used in IL2v.[@cit0049] This mutein differs from IL-2 by four mutations in the CD25 interface, and its CD25 binding is not completely abolished. The IL-2 mutein induced *in vitro* proliferation of CD8^+^ T and NK cells, but showed reduced capacity to induce proliferation of Tregs. In tumor models, it showed higher efficacy and tolerability than wild-type IL-2.[@cit0049] Recently, RDB 1450 was described, an engineered fusion protein of permuted IL-2 and CD25 that is selective for IL-2Rβγ and was found to have improved PK properties and to mediate a marked expansion of NK and CD8^+^ T cells, but not Tregs, and exhibited reduced toxicity in mice.[@cit0050] Most recently, Sim and colleagues showed that IL2 F42K circumvented Treg expansion and promoted NK activation,[@cit0051] and Ghasemi and colleagues described a fusion protein of an IL-2 R38A/F42K double mutant with reduced CD25 binding fused to cowpox virus encoded NKG2D binding protein (OMCP) to target IL-2 to NKG2D positive immune cells such as NK cells.[@cit0052]

Different from these approaches and based on the rationale above, we designed an IL2v with completely abolished CD25 binding and fused it to a CEA-specific antibody to enhance its half-life and enable preferential targeting to the tumor. X-ray co-crystallography of the ternary complex confirmed the binding mode to IL-2Rβγ with no major impact on both the IL-2Rβγ and IL2v structures as compared with the wild-type IL-2/IL-2Rβγ complex and the lack of an interface allowing binding to CD25.[@cit0034] Indeed, surface plasmon resonance and P-STAT5 data using immune effector cells and Tregs from PBMC are supportive of a complete absence of CD25 affinity. CEA-IL2v exhibits a similar mechanism as described for the IL-2-S4B6 complex[@cit0011] and the human CD25-mimobody described recently,[@cit0054] including the lack of preferential activation of Tregs, reduced potency in triggering Fas-mediated apoptosis (AICD), superior tolerability compared with a wild-type IL-2-based immunocytokine and reduced clearance resulting in superior PK due to the lack of binding to the peripheral and endothelial CD25 sink.[@cit0011]

Previously described immunocytokines were largely based on wild-type IL-2, resulting in low tumor targeting due to high affinity of IL-2 for the high affinity IL-2R as opposed to the tumor antigen. Indeed they show poor tumor targeting with antigen specificity being irrelevant for efficacy and biodistribution.[@cit0017] A consequence of engineering IL2v with reduced relative IL-2R affinity, CEA-IL2v shows superior tumor targeting in comparison with CEA-IL2wt in the syngeneic MC38-CEA model. The radiolabeled CEA-IL2v immunocytokine was excreted via the hepatobiliary pathway and therefore in addition to the uptake in spleen (IL2v-mediated) and CEA + tumor (CEA-mediated) a moderate to high liver uptake was observed in line with uptake typically seen with other antibodies due to excretion.[@cit0055] In line with this, no signs of liver toxicity were observed in mice and using a cynomolgus specific cyCEA-IL2v surrogate immunocytokine in cynomolgus monkeys (data not shown).

No preclinical safety studies in the NHP were done with the clinical CEA-IL2v construct due to lack of cross-reactivity with cynomolgus monkey CEA (cyCEA). Single dose and repeat dose safety studies were performed with a bivalent anti-cyCEA homolog fused to the same IL2v as in CEA-IL2v. In the cynomolgus monkey, there was no evidence for hepatotoxicity or any adverse effects mediated by cyCEA-targeting in any of the tissues known to express CEA (e.g., GI). Effects observed in the above studies were consistent with the known safety profile of wild-type IL-2 with the exception that no vascular leak syndrome was observed with cyCEA-IL2v under the given study conditions (data no shown). Immuno-pharmacodynamic effects were similar to those observed with muCEA-IL2v in the mouse. After a transient reduction in circulating lymphocytes, cyCEA-IL2v induced T and NK cell activation, increased numbers with skewing toward the CD8^+^ T cell population (data no shown).

Further mechanistic support for the benefit of targeting comes from *in vivo* efficacy studies, where we demonstrated that CEA-IL2v mediates superior efficacy including long-term survival for some of the mice treated, whereas an untargeted control immunocytokine did not exhibit such efficacy when combined with PD-L1 checkpoint blockade. Different from FcγRIII-mediated or CD3-induced ADCC with antibodies or T cell bispecific antibodies, IL-2R signaling does not require crosslinking of IL-2R upon antigen binding on the target cell so that no strictly target-dependent IL-2R signaling activity can be expected. Thus, CEA-IL2v on top of being preferentially retained at the tumor also exhibits a systemic effect on peripheral immune cells as can be seen from the strong peripheral CD8^+^ T and NK cell expansion. Similarly to aldesleukin, untargeted IL-2 superkine, IL-2 mutein or NKTR-214, this additional, untargeted systemic effect contributes to the antitumoral effect of CEA-IL2v. Nevertheless, while systemic immune activation can be achieved with untargeted IL-2 based therapies, CEA-IL2v has the added potential of targeting and retention in the tumor, thus enhancing the local, tumoral concentration for a given, tolerated systemic exposure.

CEA-IL2v can be considered and IL-15-like cytokine in the sense that both cytokines activate IL-2Rβγ signaling and that preferential activation of Treg vs. effector cells is avoided.[@cit0056] However, IL-15 as it exhibits considerable toxicity in human trials[@cit0058] so that for IL-15 based cytokines a similar approach either mutating the interface or the use of the IL-15-IL-15Rα (Sushi) domain is required to avoid high affinity binding to the IL-15Rα chain expressed, for example, on dendritic cells and fibroblasts. ALT-803, a clinical stage untargeted complex of an IL-15 superagonist mutant, fusions of ALT-803 to single-chain variable fragment (scFv) recognizing CD20 and a dimeric IL-15/IL-15 receptor α Sushi-Fc fusion protein, was found to exhibit significant biologic activity on NK and T cells including activity in syngeneic models, expansion of CD8^+^ T cells and boosting of ADCC competent antibodies in line with findings for CEA-IL2v.[@cit0059] Overall, the immuno-pharmacodynamics of these IL-15 based cytokines as well as the IL-2 based cytokine above are quite comparable to those of CEA-IL2v as they all activate signaling through the IL-2Rβγ complex.

The combination of CEA-IL2v with checkpoint blockade was tested in syngeneic mouse models in fully immunocompetent CEA-transgenic C57BL/6 mice tolerant to human CEA using PancO2 cells expressing CEA. The used models are known to be immunogenic,[@cit0065] having antigen specific T cells present in the tumor at the start of treatment and showing moderate single agent efficacy mediated by PD-L1 checkpoint blockade. We observed that the combination of CEA-IL2v with an anti-PD-L1 antibody can further improve outcome and induce complete tumor remission/long-term survival in a significant proportion of treated animals as compared with the respective monotherapies.

The combination effect of a diabody-based wild-type IL-2 immunocytokine with rituximab has been shown.[@cit0067] Given its enhanced features in terms of PK, targeting and tolerability, CEA-IL2v was developed as a combination partner for ADCC-competent, ADCC-enhanced and T cell bispecific antibodies. The preclinical data shown in this paper support this combination rationale: CEA-IL2v is able to strongly enhance the antitumoral effect of cetuximab, trastuzumab and particularily the ADCC enhanced glycoengineered antibody imgatuzumab in xenograft models relying on innate immunity mediated by NK cells, macrophages and monocytes. As CEA is absent in rodents and no syngeneic cell lines co-expressing human CEA and EGFR/HER2 and the respective transgenic mice tolerant for CEA and EGFR/HER2 are available, the ADCC combination of CEA-IL2v could only be studied in B and T cell deficient models. Combination studies using an analogous FAP-targeted FAP-IL2v immunocytokine and antibodies specific for antigens on syngeneic cell lines confirmed these findings in fully immunocompetent mice (manuscript in preparation). These data are in line with the findings on the benefit of the combination of a half-life enhanced wild-type IL-2 Fc fusion with the gp75 specific antibody TRP1 in the B16 model or adoptive T cell therapy.[@cit0018]

Taken together, cergutuzumab amunaleukin (CEA-IL2v, RG7813) is a novel IL2v-based, half-life enhanced immunocytokine with the added benefit of tumor targeting, designed for abolished CD25 binding for improved tolerability, PK and tumor targeting as well as the preferential activation of CD8^+^ and NK immune effector cells over Tregs as compared with wild-type IL-2-based immunocytokines. As a result of the IL2v design with preferential binding to CEA over IL-2R resulting in better accumulation and retention at the tumor site, cergutuzumab amunaleukin is able to work through tumor targeting-dependent mechanisms, together with targeting-independent mechanisms including the preferential peripheral expansion of CD8^+^ and NK immune effector cells through IL-2Rβγ while avoiding a preferential expansion of Tregs. Preclinical data support the use of cergutuzumab amunaleukin for combination immunotherapy with ADCC-competent or -enhanced antibodies of the IgG1 isotype, T cell bispecific antibodies that rely on CD8^+^ T effector cells and also with PD-L1 checkpoint blockade in immunogenic tumors. CEA-IL2v (RG7813) is currently in phase I clinical trial in CEA positive solid tumors as a single agent (NCT02004106) and in combination with atezolizumab (NCT02350673).

Materials and methods {#s0004}
=====================

Crystal structure analysis {#s0004-0001}
--------------------------

Crystallization, data collection and structure determination were performed as described in the supplement. Data collection and refinement statistics are summarized in Table S2. Coordinates are deposited in RCBS under the PDB ID 5M5E.

Cell lines {#s0004-0002}
----------

An overview about cell lines used and their origin is given in the supplement.

Immunocytokines and antibodies {#s0004-0003}
------------------------------

The supplement gives an overview about the immunocytokines, mouse surrogate immunocytokines and antibodies used in this study and their design in Tables S3 and S4. All immunocytokines were produced by transient production using HEK293 or stable CHO clones followed by purification using Protein A affinity chromatography and size exclusion/ion exchange chromatography. 6E11, a muPD-L1 specific muIgG1 surrogate antibody, was kindly provided by Dr. Jeong Kim, Genentech, San Francisco.

STAT5 phosphorylation {#s0004-0004}
---------------------

Freshly isolated PBMCs were incubated for 20 min at 37°C with IL-2-containing molecules. After incubation, cells were immediately fixed with Cytofix buffer (BD Bioscience) to preserve the phosphorylation status for 10 min at 37°C and permeabilized with Phosflow Perm buffer III (BD Bioscience) for 30 min at 4°C. The cells were stained with indicated antibodies and analyzed by flow cytometry.

Proliferation {#s0004-0005}
-------------

PBMCs were labeled with 100 nM CFSE (Sigma-Aldrich) and stimulated with IL-2 containing molecules. After the indicated time, PBMCs were stained for immune cell subsets and proliferation was measured by determining CFSE dilution.

Activation induced cell death {#s0004-0006}
-----------------------------

Freshly isolated PBMCs were stimulated with 1 μg/mL PHA overnight. Pre-activated PBMCs were stimulated with IL-2 containing molecules for 4 d before the anti-Fas antibody (clone CH11, Millipore) was added for additional 16 h. The percentage of living cells was measured by using Annexin V (Roche Applied Science) and the LIVE/DEAD Fixable Viability Stain eFluor 660 (eBioscience).

Mouse xenograft and syngeneic models {#s0004-0007}
------------------------------------

Subcutaneous and orthotopic xenograft and syngeneic models were used to assess the effect of combinations on the *in vivo* efficacy of CEA-IL2v. Briefly, for the NSCLC xenograft lung model, female human CD16-transgenic SCID mice (Charles River Laboratories, Lyon, France) were inoculated with 3 × 10^6^ A549 cells injected intravenously. For the colorectal liver metastases models, the CRC cell line LS174T was injected into the spleen (3 × 10^6^ cells). For the gastric sc model, the N87 cells were injected subcutaneously (1 × 10^6^ cells). For the breast orthotopic model, the cell line KPL-4 was injected into the mammary fat pad (5 × 10^6^ cells). For the pancreatic syngeneic model, female CEA-transgenic C57BL/6-CEA mice (Charles River Laboratories, Lyon, France) were inoculated with 1 × 10^5^ Panc02-CEA cells injected intrapancreatically. Mice were maintained under specific-pathogen-free conditions with daily cycles of 12 h light/darkness according to guidelines (GV-SOLAS; FELASA) and food and water were provided ad libitum. Continuous health monitoring was performed and the experimental study protocol was reviewed and approved by the Veterinary Department of Kanton Zurich.

Mice were randomized into different treatment groups and therapy started when evidence of tumor growth was visible in the target organ of killed scout animals (days indicated in figure legends). All treatments were administered IV. The termination criterion for sacrificing animals was sickness with locomotion impairment, and median OS was defined as the experimental day by which 50% of animals had been killed. Kaplan--Meier survival curves and the Pairwise Log-Rank test were used to compare survival between animals.

Ex vivo immune cell analysis {#s0004-0008}
----------------------------

The syngeneic MC38-CEA and LLC1-CEA mouse models were used as previously stated to assess the effects of CEA-IL2v and muCEA-IL2v on the major immune effector cell subsets. Once the tumors were established (\> 250 mm^2^ for MC38-CEA and day 21 post injection for LLC-CEA), treatment was given, and the mice killed 5 d post treatment. The mice were bled, the tumors and lymphoid tissue removed, and the immune effector cells isolated (see Supplemental Materials and Methods). The different immune cell subsets were identified, quantified and the activation/proliferation status determined by flow cytometry on the BD LSR Fortessa flow cytometer. Cytometry analysis was performed using Flowjo and statistical analysis with Graphpad Prism.
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======================
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